The impact of gate metal on the leakage current and breakdown voltage of normally-off p-GaN gate high-electron-mobility-transistor (HEMT) with nickel (Ni) and zirconium (Zr) metals were studied and investigated. In this study, a Zr metal as a gate contact to p-GaN/AlGaN/GaN high mobility transistor (HEMT) was first applied to improve the hole accumulation at the high gate voltage region. In addition, the ZrN interface is also beneficial for improving the Schottky barrier with low nitrogen vacancy induced traps. The features of Zr are low work function (4.05 eV) and high melting point, which are two key parameters with p-GaN Schottky contact at reversed voltage. Therefore, Zr/p-GaN interface exhibits highly potential for GaN-based switching power device applications. Crystals 2020, 10, 25 2 of 6
Introduction
Gallium nitride high-electron-mobility-transistor (HEMT) is a major candidate in the high frequency and high power device application due to the material properties, such as good thermal property, high breakdown voltage and high channel mobility. The traditional AlGaN/GaN HEMT structure is depletion-mode (D-mode) behavior [1, 2] . However, two dimensional electron gas (2DEG) in traditional AlGaN/GaN HEMT structure inherently exists in the interface of GaN due to the polarization electric field in the AlGaN/GaN hetero structure.
In switching power applications with simple circuitry and fail safe requirements, normally off devices are strongly preferred. Several researches have been proposed to obtain an enhanced-mode (E-mode) HEMT, such as the fluorine treatment [3, 4] , a p-type GaN cap layer [1, [5] [6] [7] [8] and gate recess structure [9, 10] . However, p-GaN layer will deplete the 2DEG due to the P-N junction, which achieves E-mode HEMT. The structure with p-GaN attracts tremendous attention in the industry due to its large threshold voltage, on/off ratio, as well as low on-state resistance. To further improve the performance of power device, breakdown voltage can be enhanced by the gate metal, concentration of magnesium (Mg) doping GaN, or gate dielectric. Moreover, the Schottky barrier height can be increased by the metal work function, which contacts to p-GaN [11] . of magnesium (Mg) doping GaN, or gate dielectric. Moreover, the Schottky barrier height can be increased by the metal work function, which contacts to p-GaN [11] .
The energy level of the valence band of GaN is deeper than the work function of typical metals, it performed a Schottky contact between the metal and p-GaN. The ideal Schottky barrier height (qΦB = Eg − q (Φm − χ)) can be calculated, which are 2.35 eV and 3.45 eV, respectively. To increase the Schottky barrier height, we choose the low work function metal to increase the ΔEv. The traditional gate metal is Ni, which the work function is 5.15 eV [12] . Moreover, based on the higher ΔEv consideration, the lower work function metal such as Zr was thus adopted. Moreover, the Zr was chosen in our experiment due to their low work function (4.05 eV), high melting point, and high content in nature.
The traps from surface, bulk or interface trap states can limit the performance of device. The surface traps are considered to be causes of gate lag, and the buffer traps are considered to be causes of drain lag [13] . In particular, the power device market strongly prefers E-mode structure for cost, size, safety and power consumption reasons. In this letter, we use low work function Zr to suppress hole current and increase device breakdown voltage.
Device Structure
The HEMT structure used for our devices were grown on a 6-inch p-type low resistivity Si (111) substrate by using metal organic chemical-vapor deposition (MOCVD). In Figure 1 , an undoped GaN channel layer with a thickness of 300 nm was grown on buffer layer with a thickness of 4 μm. Subsequently, a p-GaN layer, which the Mg concentration in the p-GaN layer was 3 × 10 19 cm −3 with a thickness of 70 nm were grown on an Al0.17Ga0.83N barrier layer with a thickness of 12 nm. The device fabricated with mesa isolation by reactive-ion etching (RIE) for the first step. Second, p-GaN layer was etched by RIE with Cl2/BCl3/Ar. Then, Ti/Al/Ni/Au metal film was deposited as source and drain by electron beam evaporation (E-gun) and it was annealed at 875 °C for 35 s in N2 atmosphere by RTA system. After all, for the comparison of high and low work function metals, Zr/Au (25/80 nm) and Ni/Au (25/80 nm) were deposited as a gate electrode by E-gun on a different device, respectively and we named the device Ni-HEMT and Zr-HEMT with the different gate. Ti/Au was deposited as the pad for interconnection. Eventually, two devices were passivated with 50 nm Si3N4 by PECVD. By measuring the transmission-line, the ohmic contact resistance for Ni-HEMT and Zr-HEMT was 7.1 × 10 −5 Ω•cm 2 and 7 × 10 −5 Ω•cm 2 , respectively. For both the fabricated devices, the gate width was 100 μm, gate length was 3 μm, source-gate distance was 2 μm and gate-drain distance was 7 μm. 
Experimental Result and Discussion
For the Zr/p-GaN interface analysis, the material composition of p-GaN gate and gate metal interface was analyzed by X-ray photoelectron spectroscopy (XPS), which was shown in Figure 2a ,b. The green block is the experiment line and the black line is the fitting line. Figure 3a shows the Ni 2p 3/2 peaks consist of two components: Ni-Ni and Ni-O bonds, and the Figure 3b shows the Zr 3d 5/2 peaks consist of three components: Zr-O, Zr-N and Zr-Zr bonds. The results show that Ni was combined with O, so there is the Ni-O peak in the Ni 2p 3/2 peaks. However, in the Zr 3d 5/2 peaks, besides the Zr-O and Zr-Zr, the Zr-N peak was observed, which may improve the device performance due to the better bonding between p-GaN and Zr and ZrN is also a refractory material. By the way, the traditional nitrogen vacancies were also thus suppressed due to the formation of ZrN.
In order to study the effect of the metal/p-GaN contact on the gate leakage current and saturation current, the I DS -V GS , I DS -V DS characteristics of Ni-HEMT and Zr-HEMT were measured. The threshold voltage (V TH ) for the Zr-HEMT and Ni-HEMT was 1.5 and 1 V (defined by I DS = 1 mA/mm), respectively. The threshold voltage in the Zr-HEMT was higher because of the higher Schottky barrier height at the interface of p-GaN gate and metal gate compared with the Ni-HEMT. The drain ON/OFF current ratio (I ON /I OFF ) of the Zr-HEMT and Ni-HEMT was 4.6 × 10 9 and 8.2 × 10 5 , respectively, and adopting the low work function gate metal improved the subthreshold swing from 137 to 89 mV/decade. The Zr-HEMT also shows a lower drain leakage current that Zr-HEMT and Ni-HEMT were 3 × 10 −8 mA/mm and 1.8 × 10 −4 mA/mm, respectively, as shown in Figure 3a . The output characteristics are shown in Figure 3b . The saturated drain current of Zr-HEMT and Ni-HEMT were 141 and 169 mA/mm at V GS = 6 V and V DS = 10 V, respectively. The ON-resistance (R on ) for the Zr-HEMT and Ni-HEMT at V GS = 6 V was 8.2 and 13 Ω·mm, respectively, which corresponds to a specific ON-resistance (R sp ) of 3.08 and 2.39 mΩ·cm 2 at V DS = 10 V.
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Conclusions
We investigated the impact of gate metal work function on the leakage current and high breakdown voltage. In addition, ZrN was observed in Zr 3d5/2 peaks by XPS analysis. Simulation of the device bandgap by TCAD explained the low work function metal gate Zr contact to p-GaN, which got the higher Schottky barrier height. The higher Schottky barrier height suppressed the hole current and increased the depletion region, which led to device have low leakage current and high breakdown voltage. Therefore, it is important to select the gate metal to control device characteristics. Our discussion above reveals a trade-off between leakage and saturation current in the device with p-GaN/AlGaN/GaN structure. 
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